Amyloid protein causes and/or exacerbates a variety of diseases, including Alzheimer\'s, Huntington\'s, Parkinson\'s, and systemic amyloidoses. It is increasingly clear that a wide variety of proteins can form amyloid structures under certain conditions. Understanding the causes behind amyloid formation and the structures of amyloid proteins is critical to preventing or alleviating symptoms in these diseases. In the majority of cases, amyloid protein develops from an increase in β-strand content leading to fibrils possessing cross-β structure.

ApoA-I is the major protein component of HDL and has a central role in cholesterol metabolism. As such, apoA-I/HDL possesses significant anti-atherogenic properties, making it a good candidate for treatment of cardiovascular disease. Both animal models and clinical trials provide striking evidence for the regression of atherosclerotic plaque upon treatment with HDL discs containing apoA-I \[reviewed in ([@bib1])\]. Amyloid-forming variants of apoA-I are found to accumulate in different tissues and wild-type (WT) apoA-I is present in atherosclerotic lesions as well as tissues ([@bib2]--[@bib4]). This presents a point of concern for HLD-based infusion therapies as repeated infusions could result in vascular deposition of excess A-I and thereby counter the therapeutic aim.

The variants of apoA-I with an increased propensity to form amyloid fibrils include both point mutations and deletions. Point mutations cluster in the amino-terminus (residues 1--100) and in residues 173--178 ([@bib5]). Amyloid protein from these variants is deposited in a tissue-specific manner but the basis of tissue specificity is not known. We reported the first analysis of the structure of an amyloid apoA-I, G26R (apoA-I~IOWA~) ([@bib6]). This variant exhibits increased β-strand content, N-terminal protease sensitivity, and binding to amyloid-detecting dyes as well as altered lipid-binding properties. We postulated that the conversion to amyloid structure results from the positioning of two adjacent arginine residues, favoring β-strand extension from residue 26 to 57. Acquisition of additional β-strand either causes or is accompanied by destabilization of the N-terminal region, which increases amyloid propensity. This analysis remains the only study to date of the properties of a full-length amyloid variant. A number of questions remain to be answered concerning apoA-I amyloidosis, including the effect of mutation position in the two clusters on structure and amyloid properties, the relationship between mutation position and tissue deposition, and the influence of in vivo factors on amyloid formation. To address the first of these issues, which will help determine whether a universal mechanism underlies amyloid formation, we elected to examine the structure and in vitro amyloid propensity of the L178H variant. This mutation is associated with severe cardiac and laryngeal amyloidosis as well as skin lesions ([@bib7]); since this first report involving position 178, additional studies have linked C-terminal cluster mutations with cardiac and laryngeal deposition, including a recent report involving a L178P variant ([@bib8]). Here, we report that L178H exhibits structural alterations similar to those observed for G26R and forms fibrils with dimensions similar to those formed by other fibrillogenic proteins. However, in contrast to G26R, L178H exhibits increased helical content, which is reflected in a lack of thioflavin T (ThT) binding. To our knowledge, this is the first report of a full-length apoA-I protein that forms fibrils with predominantly helical structure.

METHODS
=======

Production of recombinant protein
---------------------------------

A bacterial expression system consisting of pNFXex plasmid in *Escherichia coli* strain BL21(DE3) pLysS cells (Invitrogen) was used to prepare the apoA-I proteins, as previously described ([@bib9], [@bib10]). Primer-directed PCR mutagenesis was used to create the L178H mutation. The mutation was verified by dideoxy automated fluorescent sequencing. In brief, human apoA-I proteins were purified from bacterial cell lysate by immobilized metal affinity chromatography (HiTrap columns, GE Healthcare, Waukesha, WI) under denaturing conditions (3 M guanidine-HCl), extensively washed with PBS (20 mM phosphate, 500 mM NaCl), pH 7.4, supplemented with protease inhibitors (Sigma \#P2714), and then eluted by increasing concentrations of imidazole. Refolded protein was dialyzed into PBS, pH 7.4, 150 mM NaCl, concentrated with 30 kDa molecular weight cut-off Amicon Ultra centrifugal filter devices (Millipore), and stored at 4°C with or without protease inhibitor cocktail (Sigma, \# P8849) prior to use. The time-course experiments were synchronized to be initiated the same day (day 0) or the day after (day 1) purification. Protein purity was confirmed by SDS-PAGE with Coomassie blue staining and concentrations determined by the MicroBCA assay kit (Pierce), using BSA as a standard, or by absorbance of proteins diluted into guanidine using an extinction coefficient of 1.13 cm^2^/mg. Proteins were periodically checked for proteolytic degradation by SDS-PAGE; only those samples showing intact protein were used.

CD spectroscopy
---------------

Circular dichroism (CD) measurements were performed on a Jasco J-810 spectropolarimeter equipped with a Jasco CDF-426S Peltier set to 25°C. For thermal stability experiments, spectra were obtained from 25°C to 80°C with 2.5°C increments and with a thermal equilibration time of 10 s. ApoA-I was diluted to 0.4 mg/ml in PBS (final concentration was 25 mM phosphate, 25 mM NaCl, pH 7.4), placed in a 0.1 mm quartz cuvette and, after extensive purging with nitrogen, scanned in the region 180 to 260 nm (scan speed was 20 nm/min). Averages of five scans were baseline-subtracted (PBS buffer; 25 mM phosphate, 25 mM NaCl) and the α-helical content was calculated from the molar ellipticity at 222 nm as previously described ([@bib11]). The Boltzmann function within the Origin 8.1 software (OriginLab, Northampton, MA) was used to fit the helical content values of the time course to a sigmoidal fit curve.

Denaturation
------------

Equilibrium denaturation was carried out on samples using guanidine (Gn-HCl) and urea. Stock solutions of 8 M urea and Gn-HCl were prepared from their respective ultra pure solid crystals. Protein was incubated for at least 24 h at 4°C at 0.1 mg/ml prior to addition of denaturant (final protein concentration = 0.05 mg/ml). Incubated protein samples were combined in triplicate with denaturant by dilution from 8 M stock solutions and stored at 4°C for a minimum of 24 h prior to data collection. Changes in tryptophan fluorescence were recorded using a Shimadzu RF5301 fluorometer with excitation at 295 nm and excitation and emission slit widths of 5 and 3 nm, respectively. The unfolding transition was monitored by recording the wavelength at maximum fluorescence intensity (WMI) or maximum wavelength (λ~max~).

The WMIs of triplicate dilutions of each sample were averaged and plotted against the denaturant concentration. The resulting curves exhibited characteristics of a sigmoidal function and were fitted with the Hill equation. Assuming a two-state model (folded and unfolded), the fraction of unfolded protein (*f*~D~) can be calculated using:$$f_{D} = \frac{y - y_{0}}{y_{\mathit{\max}} - y_{0}}$$where y~max~ is the maximum WMI. The equilibrium constant (K~D~) for the process can be calculated as K~D~ = *f*~D~/(1/*f*~D~), yielding the free energy of denaturation ΔG~D~ = -RTlnK~D~. D~1/2~, *m*, and ΔG~D~^o^ values were obtained by plotting ΔG~D~ versus denaturant concentration to give the linear equation ([@bib12]) ΔG~D~ = ΔG~D~^o^ − m\[denaturant\], where ΔG~D~° is the free energy of protein folding in water (0 M denaturant), and *m* the cooperativity of denaturation. In most cases, the values obtained were averages of data from three separate protein expressions.

Dye-binding assays
------------------

### ThT binding assay.

L178H and WT (1 mg/ml) were incubated at 37°C and diluted to 0.25 mg/ml with PBS at time of use. A total of 182 μl of diluted protein was incubated for 5 min in the dark with 1.82 ml of a ThT (5 μM)/glycine (50 mM) solution (ThT stock: 1 mM stored in the dark at 4°C. Glycine buffer stock: 0.1M at pH 8.5 stored at 4°C). ThT fluorescence was then measured using a VICTOR3 Multilabel Plate Counter (PerkinElmer, Waltham, MA) spectrofluorometer at an excitation of 450 nm, with excitation and emission slit widths of 10 nm.

### 1-Anilinonaphthalene-8-sulfonic acid (ANS) binding assay.

Protein solutions (50 μg/ml in PBS) were incubated with 250 μM ANS (\>100 molar excess) in a total volume of 2 ml. Samples were excited at 395 nm with 5 nm excitation and emission slit widths. Emission was recorded from 410 nm to 560 nm, which corresponds to the blue-shifted emission spectra of ANS bound to protein ([@bib13]).

Limited proteolysis
-------------------

Following brief dialysis to remove protease inhibitors, protein (20 μg) was treated with 1:2000 molar ratio of high purity chymotrypsin (Calbiochem \#230834) for the indicated periods of time. Previous studies employing *Staphylococcus aureus* V8 protease (Glu-C specificity) and trypsin on WT apoA-I gave the same results obtained using chymotrypsin; therefore, chymotrypsin was used here as the representative protease ([@bib6], [@bib14], [@bib15]). Reactions were stopped with protease inhibitor cocktail (Sigma \#P2714) followed by addition of SDS loading buffer. Samples were stored at −20°C until analysis with SDS-PAGE. Selected bands were blotted onto polyvinylidene fluoride and submitted to the Glycoprotein Core facility at University of Texas Medical Branch for N-terminal sequence analysis.

Electron microscopy
-------------------

Protein samples incubated at 37°C for 30 days were diluted and analyzed by negative stain electron microscopy as described previously ([@bib16]). Five microliter aliquots were adsorbed onto carbon-coated grids for 1 min, washed with two drops of water, and stained on two drops of 0.75% uranyl formate. The grids were rendered hydrophilic by glow discharge at low pressure in air. Specimens were observed in a JEOL JEM 1230 electron microscope operated at 80 kV accelerating voltage, and images were recorded with a Gatan Multiscan 791 CCD camera.

Formation of reconstituted HDL (rHDL)
-------------------------------------

Lyophilized dimyristoylphosphatidylcholine (DMPC, Avanti Polar Lipids) was dissolved in 3:1 chloroform-methanol by thorough vortexing and the solvent was totally evaporated by overnight incubation under a stream of nitrogen gas. The phospholipids were then dissolved in PBS by vortexing and the lipid suspension was extruded through a 100 nm polycarbonate membrane using the LiposoFast system (Avestin) to create unilamellar vesicles. ApoA-I WT and L178H were incubated at physiological temperature (37°C) and at the transition temperature of the lipid (24°C) with unilamellar DMPC at a molar ratio of protein to phospholipid of 1:100 and a protein concentration of 0.4 mg/ml. Samples were taken at 0, 1, 3, 6, 9, 24 h and at 4 days and stored at −80°C with 10% w/v sucrose until analysis by blue native-PAGE using the NativePAGE Novex Bis-Tris Gels System (Invitrogen) according to the manufacturer\'s instructions. The lipid binding capacity was evaluated by a spectrophotometric lipid clearance assay as described previously ([@bib6]). Briefly, unilamellar DMPC vesicles were prepared as described above and placed in a 96-well plate, where lipid-free apoA-I proteins were added at a 1:100 protein to lipid ratio (mol/mol). The spectral changes (at 600 nm) were monitored over time as phospholipid molecules were used in the formation of smaller protein-lipid complexes with a consequent clearance of larger DMPC vesicles. Although the lipid binding of apolipoproteins is known to be a complex process involving several intermediate steps, this assay is accepted in the field as an approximate measure of the lipid-binding capability of an apolipoprotein ([@bib17]).

RESULTS
=======

L178H has increased exposed hydrophobic surface area and an altered amino-terminus
----------------------------------------------------------------------------------

Aggregation of proteins, as in amyloid formation, is often brought about by increased exposure of hydrophobic regions. To determine the surface hydrophobicity of L178H, the dye ANS was used. WT protein binds a significant amount of ANS compared with a protein of similar molecular weight such as carbonic anhydrase. We compared the ANS binding of both G26R and L178H to WT apoA-I. L178H exhibit about a 4-fold increase in binding ANS ([**Fig. 1A**](#fig1){ref-type="fig"}) and a 2-fold increase for G26R (not shown), indicating that both mutations alter apoA-I structure in a manner that increases the fraction of residues accessible to bind hydrophobic dyes.

![L178H exhibits greater hydrophobic exposure, altered structural organization, and decreased structure stability compared with WT apoA-I. A: ANS binding. Wild-type and L178H proteins (50 µg/ml) were incubated with excess ANS (ratio 1:150) followed by reading of the blue-shifted emission spectra between 410 to 560 nm. B: Limited proteolysis of L178H and wild-type apoA-I proteins was used to assay structure accessibility. ApoA-I proteins (20 µg) were incubated in the presence of chymotrypsin (1:2000 molar ratio) at 37°C for the indicated times. Top panel, L178H; bottom panel, WT. Edman degradation assay of the fragmented mutant apoA-I (indicated with arrows) was used to identify the specific cleavage sites (see [Table 1](#tbl1){ref-type="table"}). C, D: Increasing concentrations of urea (C) and guanidine (D) were used in intrinsic fluorescence experiments to compare the stability of L178H with wild-type apoA-I. E: A temperature gradient ranging from 25°C to 80°C combined with CD measurements was used to analyze the thermal stability. F: Melting point values (Tm) for WT and L178H proteins. Bars are averaged Tm values (n = 3). \* *P* \< 0.05. WT, wild-type apoA-I protein; L178H, L178H apoA-I protein.](390fig1){#fig1}

We previously demonstrated that the G26R mutation leads to increased protease sensitivity in the N terminus, presumably due to an altered structure triggered by the increased β structure in residues 26--50 ([@bib6]). To determine the effect of the L178H mutation on protease sensitivity, we subjected the protein to limited proteolysis using chymotrypsin ([Fig. 1B](#fig1){ref-type="fig"}; [**Table 1**](#tbl1){ref-type="table"}). Like G26R, L178H exhibits a marked increase in protease sensitivity in the N terminus with major cleavage occurring at F57. However, an additional cleavage was observed at residue 18 in L178H that we did not detect under the same conditions in G26R. We also did not detect in L178H a fragment observed in both WT and G26R that is produced by cleavage at the extreme carboxy-terminus, near residue 225. These results suggest that although both G26R and L178H have increased N-terminal sensitivity, some structural differences exist between the two variants.

###### 

Proteolytic cleavage sites (chymotrypsin) of L178H, WT and G26R apoA-I

  apoA-I variant                               Proteolytic cleavage sites[*^a^*](#tblfn1){ref-type="table-fn"}   Fragments[*^b^*](#tblfn2){ref-type="table-fn"}
  -------------------------------------------- ----------------------------------------------------------------- ------------------------------------------------
  L178H[*^c^*](#tblfn3){ref-type="table-fn"}   W8, Y18, F57                                                      D9-D243, V19-D243, S58-D243
  WT[*^d^*](#tblfn4){ref-type="table-fn"}      Y192, F229                                                        M1-Y192, M1-F229
  G26R[*^d^*](#tblfn4){ref-type="table-fn"}    Y18, F57                                                          V19-D243, S58-D243

Determined by Edman degradation of blotted SDS-PAGE fragments.

Based on the molecular estimate from SDS-PAGE.

This work.

From ref ([@bib6]).

L178H has decreased stability
-----------------------------

Many proteins convert to an amyloidogenic state when they are destabilized in some way. Equilibrium solvent denaturation using either guanidine or urea was used to examine the stability of L178H. WT incubated at 4°C for one day prior to addition of denaturant yielded D~1/2~ (D~1/2~ is the concentration of denaturant at which the protein is half folded) values for guanidine and urea of 1.23 ± 0.02 M and 2.81 ± 0.05 M, respectively, similar to values reported elsewhere in the literature, where samples were also incubated at 4°C ([Fig. 1C D](#fig1){ref-type="fig"}, [**Table 2**](#tbl2){ref-type="table"}). Likewise, ΔG~D~^o^ and cooperativity (*m*) values were nearly identical to those reported previously. After incubation at 4°C for one day, L178H exhibited lower stability and loss of cooperativity ([Fig. 1C, D](#fig1){ref-type="fig"}), reflected by substantially lower ΔG~D~^o^ and D~1/2~ values and less pronounced sigmoidality of the curves. Due to the low protein concentration used in these studies (0.05 mg/ml), we believe the denaturation data show that the monomeric structure of L178H is both less stable and less cooperative at 4°C than monomeric WT protein. There was little difference between the two denaturants as the same reductions in thermodynamic parameters for L178H versus WT (∼40%, 60%, and 40% for D~1/2~, ΔG~D~^o^, and *m*, respectively) were observed ([Table 2](#tbl2){ref-type="table"}). A similar difference in stability between WT and L178H was observed for proteins incubated at 37°C for one day, with L178H being much less stable than WT. Measurement of the proteins' thermal stabilities using CD measurements yielded a similar result with Tm values of 45 ± 0.6°C for L178H and 58 ± 2.7°C for WT and reduced cooperativity in L178H ([Fig. 1E, F](#fig1){ref-type="fig"}). Thus, L178H, like most amyloid proteins, has substantially reduced stability.

###### 

Denaturation parameters for the folding of apoA-I variants.[*^a^*](#tblfn5){ref-type="table-fn"}

                                                     D~1/2~ (M)    ΔG~D~ (kcal/mol)   *m*           Ref.
  -------------------------------------------------- ------------- ------------------ ------------- -----------
  Urea                                                                                              
   WT, 4°C[*^a^*](#tblfn5){ref-type="table-fn"}      2.81 ± 0.05   6.16 ± 0.19        2.19 ± 0.11   this work
                                                     2.7           7.07 ± 0.65        2.57 ± 0.24   \(37\)
                                                     3.0 ± 0.2     6.2 ± 0.2          2.0 ± 0.1     \(12\)
   WT, 37°C[*^a^*](#tblfn5){ref-type="table-fn"}     2.82 ± 0.07   5.39 ± 0.33        1.91 ± 0.08   this work
   L178H, 4°C                                        1.74 ± 0.08   2.55 ± 0.07        1.45 ± 0.07   this work
   L178H, 37°C                                       1.76 ± 0.13   2.36 ± 0.14        1.34 ± 0.06   this work
  Gn-HCl                                                                                            
   WT, 4°C                                           1.23 ± 0.02   4.74 ± 0.38        3.85 ± 0.34   this work
                                                     1.0           4.6 ± 0.3          4.6           \(38\)
                                                     1.05 ± 0.13   3.1 ± 0.2          3.0           \(39\)
   WT, 37°C[*^b^*](#tblfn6){ref-type="table-fn"}     1.22          3.82               3.14          this work
   L178H, 4°C[*^b^*](#tblfn6){ref-type="table-fn"}   1.08 ± 0.07   1.93 ± 0.14        1.76 ± 0.06   this work
   L178H, 37°C                                       0.90 ± 0.02   1.55 ± 0.27        1.74 ± 0.31   this work

Unless otherwise indicated, data are averages from triplicate incubation samples of three different protein preparations.

Triplicate samples of two different protein preparations.

L178H has reduced lipid-binding ability
---------------------------------------

The majority of plasma apoA-I, more than 95%, is bound to lipid. At present, it is not known whether lipid-free or lipid-bound protein is responsible for amyloid formation in vivo. To examine the effect of the L178H mutation on lipid binding, synthetic rHDL was prepared and analyzed by non-denaturing gradient gel electrophoresis. DMPC lipids were incubated with purified apoA-I proteins (at a molar ratio of 1:100, protein to lipid) at 37°C (physiological temperature) and at 24°C (the transition temperature of the lipid) for up to 4 days. As can be seen in [**Fig. 2A**](#fig2){ref-type="fig"}, at physiological temperature, the mutant protein forms recombinant HDL with an estimated diameter of 9.6 nm to a similar extent (at 4 days) as the WT protein but this particle develops at a slower rate. Moreover, there is an apparent difference in the intermediate structures of the remodeling process during the first day of incubation. At these time points, fewer 9.6 nm rHDL particles of the L178H mutant are formed and several less defined particle sizes can instead be seen. Also of note is that a larger proportion of the mutant protein is oligomeric in the lipid-free state (0 h samples and control). Similarly to rHDL formed at physiological temperature, rHDL particles of similar sizes are formed for both proteins after incubation at transition temperature for 4 days ([Fig. 2B](#fig2){ref-type="fig"}). At this temperature, however, the formation of rHDL of the L178H mutant is faster than at 37°C and involves fewer intermediate structures. This may reflect a lower degree of self-association of the L178H mutants at this temperature as self-association in the apo-state is known to decrease lipid-binding ([@bib18]).

![Lipid-binding properties of L178H variant. Incubation of apoA-I with DMPC results in time-dependent formation of rHDL. A, B: ApoA-I WT and L178H (0.38 mg/ml) were incubated with DMPC (molar ratio 1:100) at 37°C (A) and 24°C (B) for the indicated times and then stored at −80°C with 10% sucrose until analysis. The samples were analyzed by Blue Native-PAGE on 4-16% polyacrylamide gels. Stoke\'s diameters of reference proteins are shown to the right. Arrows indicate the formed rHDL particles with an estimated diameter of 9.6 nm. C, D: A lipid clearance assay was used to make a quantitative comparison of the lipid-binding rate between wild-type and L178H proteins. Proteins (0.4 mg/ml) were mixed with DMPC (protein to lipid molar ratio of 1:100) at time 0 followed by spectrophotometric measurement at 600 nm. Bars are averaged t~1/2~ values (n = 3). \* *P* \< 0.05. W, wild-type; L, L178H.](390fig2){#fig2}

The lipid-binding activity was also measured in a lipid clearance assay. WT and L178H proteins were mixed with preformed 100 nm DMPC lipid vesicles followed by spectrophotometric reading of the clearance of DMPC vesicles ([Fig. 2C](#fig2){ref-type="fig"}). The L178H mutant showed a markedly decreased rate of lipid binding with a t~1/2~ of ∼300 s, which is almost 2-fold higher than that observed for the WT protein (t~1/2~ ∼170 s) ([Fig. 2D](#fig2){ref-type="fig"}). These studies indicate that the L178H variant is capable of forming rHDL with a diameter of 9.6 nm, however, at a slower rate at 37°C and with variable specific intermediate protein-lipid complexes.

L178H does not bind ThT
-----------------------

The presence of amyloid cross-β structure can be assessed by binding to the amyloidophilic dye ThT. The binding of L178H to ThT was assessed and compared with WT and to G26R as a positive control ([**Fig. 3**](#fig3){ref-type="fig"}). WT protein exhibited a smaller increase in ThT binding, with the amount and rate of increase similar to our previous observation for WT ([@bib6]). A similar low increase in ThT binding was observed for L178H over the 26 days of incubation at 37°C. These results are in contrast to G26R, which had higher ThT binding than WT and L178H from the first measurement recorded (day 0). This suggests that L178H, in contrast to the G26R variant, does not form the typical β-structure present in amyloids.

![ThT binding experiment indicates that the L178H variant does not form amyloids. ThT was used to determine the time dependent formation of β-sheet containing amyloids. Proteins were incubated at 37°C for the indicated times followed by incubation with ThT and spectrofluorometric reading. The G26R variant, which is known to form amyloids, was used as a positive control. n = 3 for each data point.](390fig3){#fig3}

L178H forms fibrils with helical structure
------------------------------------------

To determine whether L178H protein forms aggregates over a similar time period, the solubility of the protein was examined (not shown). Protein was incubated for 4 weeks at either 4 or 37°C. The solubility of both proteins decreased over time when incubated at 37°C, to a greater extent with L178H than WT (not shown).

L178H and WT solutions were examined by negative stain electron microscopy to determine the ultra structure of the formed aggregates ([**Fig. 4**](#fig4){ref-type="fig"}). Fibrillar structures ranging in length from 30 to 120 nm with a 10 nm diameter were observed for L178H incubated at 37°C for 30 days. Under the same conditions, WT solutions did not produce fibrils, although small spherical aggregates were observed. The studies show that the L178H form insoluble aggregates with a fibril morphology partly consistent with the characteristics of fibril-forming proteins. However, only shorter fibrils were observed.

![Electron microscopy analysis shows fibril formation of L178H. Mutant and wild-type protein (both at 0.4 mg/ml) were incubated in tris-buffer saline, pH 7.4, at 37°C for 4 weeks followed by negative stain electron microscopy analysis. The L178H mutant proteins formed elongated fibrils with lengths in the range of 30 to 120 nm (left panels). Wild-type apoA-I protein incubated at identical conditions is less prone to form higher order structures (right panels). Long and short scale bars are 100 nm and 20 nm, respectively.](390fig4){#fig4}

The hallmark feature of amyloid proteins is the increase in β-strand content. To determine the secondary structural changes in L178H, CD spectra were collected and compared with WT and G26R proteins ([**Fig. 5**](#fig5){ref-type="fig"}). Spectra were collected for a 4 week period on samples incubated at 37°C. The helical content of the proteins during the incubation was estimated from their molar ellipticities at 222 nm. The initial helical content of the L178H was slightly elevated (∼62% α-helix) as compared with the WT protein, which exhibited a helical content (∼55%) in agreement with previous estimations by use of CD spectroscopy ([@bib19], [@bib20]). During the incubation, L178H showed a slight increase in helix content at day 9 with an additional larger increase at day 14; little change was observed following day 14 up to 26 days of incubation. The change in helix content was fit to a sigmoidal curve indicating cooperativity in the structural transition to the fibrillar organization. The t~1/2~ of the structural conversion of the L178H into largely helical structure was about 12 days. The change in the CD signal could be influenced by self-association, because a modest increase in helix content occurs upon self-association ([@bib18]), about 10% increase between 0.1 and 1.0 mg/ml. However, the increase observed here (in a 0.2 mg/ml solution) is much higher. Furthermore, over these same time periods and under the same conditions, WT showed no change in secondary structure whereas G26R showed a decrease in helix content. This analysis therefore shows a time-dependent increase in helical structure that appears to be L178H specific.

![Structural transitions of apoA-I proteins. CD spectroscopy was used to analyze secondary structure changes over time. A: Spectra (average of 5 readings) of WT (left), L178H (middle), and G26R (right) apoA-I proteins (0.2 mg/ml) were obtained (180 nm to 260 nm) at indicated times of incubation at 37°C. Insets show the initial (black spectra) and final (purple spectra) spectra of the respective apoA-I proteins. B: The relative α-helical structure content of the L178H (red) and WT (black) apoA-I proteins. The t~1/2~ value for the structural transition is ∼12 days (see Boltzmann fit of the L178H graph; dashed gray line).](390fig5){#fig5}

DISCUSSION
==========

Sixteen of the ∼70 known apoA-I variants are known to be amyloidogenic ([@bib21]). Most of these have point mutations in the N-terminal 100 amino acids of apoA-I, although several cluster in the short span 173--178. In either location, the in vivo amyloid material is composed primarily of a proteolytic N-terminal fragment of about 90 residues, commonly 1--93. We reported the first analysis of a full-length amyloid mutant, G26R, and showed the mutation triggers secondary structure conversion with an increase in β-strand structure ([@bib6]). Our current analyses of the fibrillogenic L178H apoA-I variant show that mutations in the C-terminal cluster can per se (and independently of other macromolecular factors) trigger fibril formation. Notably, despite the apparent presence of formed fibrils as shown by negative stain electron microscopy, our studies show no significant increase in ThT binding of the L178H apoA-I variant, nor an increase in β-strand structure but rather a large increase in helical structure. The apparent ordered aggregates of this particular mutant thus represent an alternate mode of fibril formation distinct from that of G26R.

Although amyloid fibrils have historically been defined as containing increased β-structure, evidence for the role of helical structure in amyloid formation and in fibrils associated with amyloid deposits is accumulating. For example, helical-containing assemblies as transient intermediate structures in the fibrillization process have been described for the apoE protein ([@bib22]) and the Abeta peptide in Alzheimer\'s disease ([@bib23]). Furthermore, helix formation may be a key requirement in the development of amyloid from intrinsically disordered proteins ([@bib24]).

Several studies involving apoA-I peptides link α-helical conformation to fibril formation ([@bib25]--[@bib27]) and formation of helical intermediates has been postulated as a key step in the formation of β-amyloid structure ([@bib26]). The most common species present in in vivo amyloid deposits is an ∼9 kDa N-terminal fragment. Di Gaetano et al. ([@bib26]) analyzed recombinant 1--93 and demonstrated formation of helical structure prior to aggregation into fibrils, particularly under acidic conditions. However, the end fibrillar product contained β-amyloid structure. These authors suggested that helical intermediates precede the formation of cross-β structure, and that stabilization of helix through lipid-binding can slow or prevent the formation of β-amyloid ([@bib26], [@bib27]).

Other studies involving apoA-I peptides demonstrate the presence of helical structure within fibrils. Explanted fibrils of the amyloidogenic variant L174S from cardiac tissue were examined and found to contain both cross-β and residual helical structure ([@bib28]). The reflections in the fiber diffraction pattern supported coiled-coil helical structure with the helix axis aligned perpendicular to the long axis of the fibril. Similarly, X-ray fiber diffraction of a series of synthetic peptides based on a single repeat of the 18A sequence ([@bib29]) interspersed with turn sequences derived from human apoA-I demonstrated the formation of helical fibrils at physiological pHs in which the helix axis of the peptides is perpendicular to the fibril axis ([@bib25]). In this case, only helical secondary structure was present.

What underlies the differences in secondary structure in L178H versus G26R? L178H is an "outside" mutation,occurring outside the 1--90 segment that is found in most apoA-I amyloid deposits in vivo, whereas G26R is an "inside" mutation. However, both mutations are in the N-terminal helix bundle domain comprising residues 1--190 ([@bib20], [@bib30], [@bib31]) ([**Fig. 6A**](#fig6){ref-type="fig"}). Both mutations also create adjacent positive charges (G26R results in R26,R27; L178H results in R177,H178). The two mutations produced similar initial structures as evidenced by increased ANS binding, increased N-terminal protease sensitivity, and decreased lipid binding ability. However, incubation over a relatively short time leads to an increase in helix content in L178H versus a decrease in helix content with increase in β structure in G26R. The changes in secondary structure in both proteins leads to aggregated forms with elongated fibrils being evident in L178H samples after 4 weeks of incubation and the formation of annular protofilaments within 1 week of incubation in G26R samples. The differences in these two variants may be due to the ability of the mutation to promote helical versus β structure over time. Interestingly, the L178H mutation actually reduces the predicted helix propensity compared with G26R ([@bib32]), suggesting that the secondary structure that develops in the fibrils is strongly influenced by the mutations' effect on the tertiary, rather than the secondary, structure. This is supported by the greatly reduced stability of L178H compared with WT proteins. How this effect on tertiary structure is manifested is unclear because the initial structures exhibit similar destabilization of their extreme amino-termini ([Fig. 6B](#fig6){ref-type="fig"}), which may result from the relatively close proximity of the two mutations within the N-terminal helix bundle domain ([Fig. 6A](#fig6){ref-type="fig"}). N-terminal destabilization may be a common theme underlying all amyloid apoA-I mutations, whether they be "inside" or "outside" mutations. An examination of the full-length structures and stabilities of all amyloid apoA-I variants will determine if this is the case.

![Similar effect of "inside" and "outside" mutations on lipid-free structure. A: The side-chain of residue 178 is shown as a red sphere in the monomeric (blue), lipid-free apoA-I model structure \[modified from ([@bib40])\]. Arrow indicates residue 26 in the lipid-free structure. B, Comparison of the proteolytic cleavage sites in WT, G26R and L178H. Large and small arrows indicate major and minor cleavage sites, respectively.](390fig6){#fig6}

Other plasma factors may also contribute to the fibrillogenesis of apoA-I. Transthyretin, a plasma transporter of retinol and thyroxine also known to be associated with HDL ([@bib33]), colocalizes with L178H apoA-I in skin fibrils ([@bib7]). This protein has proteolytic activity and cleaves WT apoA-I after phenylalanine 225 ([@bib34]). A potential role of transthyretin in the generation of fibrillogenic apoA-I fragments has thus been proposed ([@bib35]). In our limited proteolysis analyses, we previously reported cleavage near residue F225 for the WT protein (F225 and F229 using chymotrypsin) and in the G26R mutant (E223 using V8 protease) but here do not observe the same for the L178H mutant using similar conditions ([Fig. 6B](#fig6){ref-type="fig"}) ([@bib6]). As transthyretin is regarded as a chymotrypsin-like protease with similar sensitivity to protease inhibitors as chymotrypsin ([@bib34]), this finding may suggest that this position of the L178H variant could be less accessible for cleavage by the transthyretin protein. Indeed, a significant portion of the apoA-I protein found in the skin fibrils corresponds to full-length apoA-I ([@bib7]). Finally, transthyretin is per se amyloidogenic ([@bib36]), and it is not yet clear whether transthyretin and L178H apoA-I indeed form molecular complexes, or if the colocalization is due to other factors such as cell and tissue preferences.

Further analysis on the influence of transthyretins on the fibrillogenesis of the L178H apoA-I variant will be of great importance to understanding the interplay of the proteins in the formation of fibrils. In addition, more careful analysis of aggregation kinetics and fibril morphologies between G26R and L178H, analysis of full-length structures of "inside" versus "outside" fibrillogenic mutants, and the relationship between mutation position and type of fibril formed as well as tissue localization will provide mechanistic details that will be of clinical relevance.

Note added in proof
-------------------

Since the acceptance of this paper, the authors have had a paper accepted ([@bib40]) that better reflects the model described in [Fig. 6](#fig6){ref-type="fig"}. The original accepted version of this paper cited ref. 10 and did not include ref. 40.

The authors thank Maria Baumgarten for skillful work and Rita Wallén for help with electron microscopy. The authors also thank Dr. John C. Voss (University of California) for careful reading and constructive comments on the manuscript.
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